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ABSTRACT 
Due to the global ageing problem, there is a foreseeable demand of simple, efficient 
and economical monitoring systems for long-term home healthcare purpose to 
reduce social expenditure and improve the quality of life. Those systems are 
expected to be essential to the elderly and non-hospitalized patients suffering chronic 
diseases in the recent future. However, measuring physiological variables several 
times a day would be inconvenient to most people. Therefore, an awareness-free 
bedsheet system for continuous monitoring of heart rate (HR) by the electrically 
non-contact measurement of electrocardiogram (ECG) was proposed. 
This study investigated the suitable arrangement and the practical design of the 
conductive textile electrodes on the bedsheet by two preliminary tests based on the 
performance on several subjects in different postures during sleep. In particular, a 
"leading-tail" design of the electrode could effectively eliminate the decrease in 
magnitudes of QRS complexes when the subject's hands were placed near the body. 
A pre-amplifier was designed to provide an impedance matching and connect the 
electrode to the measuring device. The passband of the signal conditioning circuit 
was set to be 8 - 40 Hz with an additional attenuation at 50 Hz according to the 
previous work. The proposed system was examined on thirty subjects at rest for one 
hour. The results showed that the root-mean-square error (RMSE) of HR was 0.66 ± 
0.5720 bpm. A RMSE of 1.2409 bpm was also yielded from one subject during the 
eight-hour sleep overnight. To conclude, the proposed system can be potentially used 
for the long-term tracking of HR but further studies are required to enhance its 
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Ageing of population is a worldwide phenomenon. According to a statistical report 
completed by the World Health Organization (WHO), the number of people aged 60 
years or above is anticipated to grow from 600 million in 1999 to almost two billion 
in 2050. By 2050，China will lead the world in terms of total ageing population [1]. 
This social problem and its resulting increase in healthcare expenditure will stress 
the society and its economy in the coming decades. Therefore, there is a foreseeable 
demand of simple, efficient and economical monitoring systems for long-term home 
healthcare purpose. Especially for those non-hospitalized patients suffering from 
chronic diseases, recording of physiological variables, such as the electrocardiogram 
(ECG) and heart rate (HR), in their daily life could be useful for assessing the 
progress of medical treatment. Additionally, potential advantages, such as observing 
abnormal deviations in health status at an early stage, or alerting first-aid personnel 
in emergent situations automatically, could be provided. Therefore, it could be 
valuable for reducing healthcare expenditure of the society and also for improving 
the quality of life of the population. 
However, measuring physiological variables, such as blood pressure and HR, several 
times a day would be inconvenient to most people. Although various non-invasive 
measurement devices have been proposed before, most of them cannot truly provide 
the measurement without subject's awareness. Applying the measurement of 
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physiological variables in a sleeping bed, thereby, could be one of the simple and 
possible ways to achieve this goal. 
1.2 Outline of the Proposed Design 
Rather than making a bulky system based on a sleeping bed, a bedsheet design was 
proposed instead. The design utilized the capacitive sensing technique for the 
electrically non-contact measurement of ECG. HR and its variability (HRV) could be, 
thus, derived from the ECG data. In addition, conductive textiles were used as 
electrodes to avoid any discomfort during the subject lying on the electrodes for 
ECG measurements. The proposed design of the measuring system was suitable in 
the application of home healthcare purpose and also provided an intrinsically safe, 
non-invasive, continuous and awareness-free measurement of ECG. 
1.3 Purposes of the Present Study 
The main purpose of the present study was to assess the reliability and the feasibility 
of the proposed system in a practical situation for continuous monitoring of ECG and 
HR. The specific goals of the sub-studies were: 
1. to provide a practice solution for the fulfillment of continuous monitoring of 
ECG and HR, and verify its performance by mathematical models and 
computational simulations; 
2. to investigate the effect of different arrangements of electrodes and the feasibility 
of the ECG measurement in different postures of the subjects; 
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3. to test the reliability of the ECG measurement for numerous subjects and the 




BACKGROUND AND LITERATURE REVIEW 
Before starting the description of our present study, some basic concepts will be 
provided in this chapter, which include the fundamental and clinical applications of 
electrocardiogram, the heart rate, and its variability. The core concept in this thesis, 
called the capacitive sensing, will be also illustrated in this chapter. In addition, the 
literature review and the current development of both conventional and electrically 
non-contact ECG measurements will be provided in separate sections. 
2.1 Electrocardiogram 
The electrocardiogram (ECG) is a recording of the electric potential, generated by 
the electric activity of the heart, on the body surface. The ECG thus represents the 
extracellular electric behavior of the cardiac muscle tissues. The relationship 
between the ECG and the intracellular electric events is shown in Figure 1. 
The electric excitation generated by the sinus node propagates to the atrioventricular 
node (A-V node) and then through the conduction bundles to the ventricular muscles. 
Since the intrinsic properties are different along the propagation paths, each part 
reflects to the electric excitation with a particular waveform. Therefore, the ECG 
measured extracellularly is the resultant waveform from a variety of heart muscles. 
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Figure 1 Electrophysiology of a healthy heart [2]. 
The ECG was commonly measured by the Einthoven lead system [3], which was 
published by Willem Einthoven in 1908 (Figure 2). In this system, Vi, Vn and Vm 
represent the voltages of the three limb leads accordingly, while Ol, Or and � f 
represent the electric potentials at the left arm, right arm and the left foot 
respectively. 
A normal ECG of a healthy heart is illustrated in Figure 3. The figure also includes 
definitions for various segments and intervals in the ECG. The deflection P 
represents atrial depolarization. The ventricular depolarization causes the QRS 
complex, and repolarization is responsible for the T-wave. 
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Figure 3 Schematic representation of a normal ECG waveform [2]. 
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Analysis of the various waves and normal vectors of the ECG yields important 
diagnostic information. Since the ECG is the golden standard for the diagnosis of 
cardiac arrhythmias, it can guide therapy and risk stratification for patients with 
suspected acute myocardial infarction [4]. It is also used as a screening tool for 
ischemic heart disease during a cardiac stress test [5]. Besides, it can help detect 
electrolyte disturbances, such as hyperkalemia and hypokalemia [6], and conduction 
abnormalities, such as right and left bundle branch block [7]. Occasionally, it is also 
helpful in the assessment of the heart contractility and some non-cardiac diseases, for 
instance, pulmonary embolism and hypothermia [8, 9]. 
2.2 Conventional ECG Measurement 
Starting from the late 19【卜 century, many researches gradually focused on the electric 
activity of the heart. In 1887, Augustus Waller, the first person introducing a 
systematic approach to measure the human ECG non-invasively, developed an ECG 
machine consisted of a Lippmann capillary electrometer to record the heart beat in 
real time on the body surface [10]. Thirteen years later, Willem Einthoven, the 
scholar awarded the Novel Prize in Medicine in 1924，invented an indispensable 
clinical recording device by using the string galvanometer, which greatly improved 
the sensitivity of the ECG recording [3]. The progress in our knowledge of the 
mechanism and the interpretation of the ECG has evolved throughout the following a 
hundred years. 
Nowadays, the 12-lead system, including the three Einthoven limb leads, the three 
Goldberger augmented leads [11], and the six precordial leads [12], is the one with 
the greatest clinical use. These 12 leads, each records the electric activity of the heart 
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from a different perspective, and also correlates to different anatomical areas of the 
heart. Some modifications were also made to well fit different situations of ECG 
measurement. For instance, Mason and Likar suggested placing the electrodes on the 
shoulders and on the ilium instead of the limbs to minimize the signal distortion due 
to the muscular activity and electrode movements in exercise test but record the ECG 
still essentially identical to the original one [13, 14]. Another example is the Holter 
recording, which is an ambulatory technique of long-term monitoring of the ECG 
[15]. The disposable electrodes are only placed on the surface of the thorax and 
connected to the device for signal conditioning and data storage. Besides, the 
simplified Einthoven 1-lead or 3-lead system is also widely used as the time 
reference of other physiological signals during biomedical experiments. 
2.3 Heart Rate 
Heart rate (HR) is a term used to describe the frequency of the cardiac cycle. It is 
commonly calculated as the number of contractions (heart beats) of the heart in one 
minute and expressed as beats per minute (bpm). Due to the characteristic waveform 
and dominating amplitude of the QRS complex of the ECG, the intervals between 
adjacent normal R waves (NN or RR intervals) are commonly used in the estimation 
of the HR and thus its variability. 
The HR can be simply used for the diagnosis of the cardiac arrhythmia. Some 
arrhythmias are life-threatening medical emergencies that can cause cardiac arrest 
and sudden death. In adults, the normal resting HR ranges from 60 beats per minute 
to 100 beats per minute. A HR faster than 100 bpm is considered as tachycardia, 
while that less than 60 bpm is known as bradycardia. A serious variety of arrhythmia 
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is known as fibrillation. The muscle cells of the heart normally function together, 
creating a single contraction when stimulated. Fibrillation occurs when the heart 
muscle begins vibrating due to the disunity in contractile cell function. Ventricular 
fibrillation is imminently life-threatening. 
2.4 Heart Rate Variability 
Heart Rate Variability (HRV) has generally accepted to describe variations of RR 
intervals (also named as NN intervals) over the period of ECG recording. There are 
several methods for quantifying HRV, which can be categorized as time domain, 
frequency domain, geometric and non-linear methods (Table 1). 
In the time domain analysis, a variety of statistical variables are directly calculated 
from the RR intervals or derived from their successive differences. Among those 
variables, SDNN, the standard deviation of all RR intervals during a 24-hour period, 
is the most commonly used time domain measure of HRV. Since many of the 
measures correlate closely with others, SDNN, SDANN, and RMSSD are 
recommended for time-domain HRV assessment according to the standard guidelines 
[16]. 
In the frequency domain analysis, power spectral density (PSD) of standard 5-minute 
RR intervals is generally calculated by fast Fourier transformation (FFT) or 
autoregression techniques. The power in the high-frequency range (0.15 - 0.4 Hz) is 
known to be modulated by ventilation with the efferent impulses on the cardiac 
vagus nerves, while that in the low-frequency range (0.04 — 0.15 Hz) is modulated 
by baroreflexes with a combination of sympathetic and parasympathetic efferent 
nerve traffic to the sinus node. 
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Table 1 Common statistical measures of HRV analysis. 
Variable Unit Description 
Time Domain Measures 
SDNN ms Standard deviation of all RR intervals 
SDANN ms Standard deviation of 5-minute average RR intervals 
Mean of the standard deviations of all RR intervals for all 
SDNN index ms 
5-minute segments of the entire recording 
RMSSD ms Standard deviation of 5-minute average RR intervals 
SDSD ms Standard deviation of differences between adjacent RR intervals 
NN50 Number of pair of RR intervals differing by >50 ms 
pNN50 % Percentage of NN50 over the total number of all RR intervals 
Frequency Domain Measures (short-term 5-minute recording) 
Total power ms^ Variance of RR intervals over the temporal segment (<0.4 Hz) 
VLF ms^ Power in very low frequency range (<0.04 Hz) 
LF ms^ Power in low frequency range ( 0 . 0 4 - 0 . 1 5 Hz) 
LF norm LF / (Total power - VLF) x 100 
HF ms^ Power in high frequency range (0.15 - 0.4 Hz) 
HF norm HF / (Total power - VLF) x 100 
LF/HF Ratio of LF (ms^) / HF (ms^) 
Frequency Domain Measures (24-hour recording) 
Total power ms^ Variance of RR intervals over the temporal segment (<0.4 Hz) 
ULF ms2 Power in ultra low frequency range (<0.003 Hz) 
VLF ms^ Power in very low frequency range (0.003 - 0.04 Hz) 
LF ms^ Power in low frequency range ( 0 . 0 4 - 0 . 1 5 Hz) 
HF ms2 Power in high frequency range (0.15 - 0.4 Hz) 
Geometric Measures 
Total number of all RR intervals divided by the height of the 
HRV triangular index 
histogram of all RR intervals measured on a discrete scale 
Baseline width of the minimum square difference triangular 
TINN ms interpolation of the highest peak of the histogram of all RR 
intervals 
Difference between the widths of the histogram of differences 
Differential index ms 
between adjacent RR intervals measured at selected heights 
Coefficient of the negative exponential curve which is the best 
Logarithmic index approximation of the histogram of absolute differences between 
adjacent RR intervals 
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The geometric methods are generally based on the geometric and graphical 
properties of the histograms of the RR intervals and its derivatives. The commonly 
accepted geometric measure of HRV is the HRV triangular index, which is the ratio 
of the integral to the maximum of the density distribution. The major advantage of 
these methods lies in their relative insensitivity to the analytical quality of the series 
of RR intervals, thereby substantially reducing the influence of missed beats, artifact 
and ectopic complexes. 
The non-linear HRV measures attempt to quantify the structure or complexity of the 
series of RR intervals. Those measures include power law slope, detrended fractal 
scaling exponent, Poincare plot, HR turbulence, etc. In principle, these techniques 
have been shown to be powerful tools for characterization of various complex 
systems. However, there was still no major achievement of their application to 
biomedical data including HRV analysis. 
There were a wide variety of clinical studies utilizing HRV analysis to investigate 
both cardiac and non-cardiac disorders, which include stroke, multiple sclerosis, end 
stage renal disease, neonatal distress, diabetes mellitus, ischemic heart disease, 
valvular heart disease, and congestive heart failure. Currently, depressed HRV can be 
practically used as a predictor of risk after acute myocardial infarction and as an 
early warning sign of diabetic neuropathy [16, 17]. 
2.5 Capacitive Sensing 
In principle, the electrically non-contact ECG measurement is based on the technique, 
called "capacitive sensing". In this technique, capacitive (or insulated) electrode is 
utilized to measure the body surface potential by capacitive coupling through an 
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insulator (Figure 4) [18 - 22]. This insulator is conventionally a layer of plastic or 
simply the air. An equivalent alternating bioelectric current can be, hence, sensed by 
the electrode through the capacitance of the coupling. 
Region of 
Coupling 
I • ^ f f l ^ ^ f f l m 丨 Metal Electrode 
I I Insulator 
I o 丨 Body Surface 
I I 
Figure 4 Schematic model of a conventional capacitive electrode. 
The model of capacitive coupling can be simplified as a parallel-plate capacitor with 
the assumption of small separation between the electrode and the body surface 
compared to the other dimensions of the measuring region. Therefore, the 
capacitance is proportional to the surface area of the conducting plate and inversely 
proportional to the distance between the plates. It is also proportional to the 
permittivity of the dielectric substance that separates the plates. The capacitance of 
coupling is approximately equal to the following: 
(1) a 
where C is the capacitance in farads (F) 
Sr is the dielectric constant of the material between the plates 
eo is the permittivity of free space, 8.85 x F m'' 
A is the area of the overlapping region, measured in square meters (m ) 
d is the separation between the plates, measured in meters (m) 
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There are several advantages of applying this technique in the ECG measurement. 
Firstly, the absence of the electrolytic gel or medium eliminates the preparation time 
before measurement. The monitoring of ECG of a person can continuously function 
without his/her awareness. Furthermore, it provides the feasibility of the long-term 
and continuous monitoring of ECG, since the concern of the dehydration of the 
electrolytic gel can be totally neglected. Moreover, for the daily ECG monitoring, it 
relieves the discomfort of the gel contact to the body. In addition, because of the 
indirect contact with the metal, problems related to allergies or skin irritations can be 
eliminated. On the other hand, since there is no direct connection between the body 
and the electric parts of the measuring device, this technique can provide the intrinsic 
safety from an electric shock. No direct current is drawn from the subject's body, the 
bio-electric activity can be, thereby, measured without disturbing the original body 
surface potential. 
In the proposed design, the capacitive electrode and the insulator are substituted by 
the conductive textile and the commonly available cloth (especially made of cotton) 
respectively (Figure 5). Therefore, not only can the convenience of use be provided, 
but the irritation, allergy and discomfort experienced with conventional 
skin-to-electrode coupling can be relieved. In addition, since both the electrode and 
the insulator are soft materials, a deformable coupling corresponding to the contour 
of the measuring region can be formed. As a result, a more uniform contact between 
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Figure 5 Schematic model of a modified capacitive electrode. 
2.6 Review of ECG Monitoring System by Capacitive 
Sensing On a Sleeping Bed 
The long-term monitoring of the ECG in daily life has been shown to have 
prognostic values for both cardiac and non-cardiac diseases [16, 17]. However, 
conventional ECG devices are unsuitable and inconvenient for long-term monitoring. 
Thus, there is a great potential in the development of non-invasive and 
awareness-free monitoring systems, which can be integrated in personal devices, 
home appliances or daily clothing for domestic use. For instance, researchers have 
attempted to implement those systems in bathtubs [23], toilet seats [24], watches 
[25], chairs [26 - 28] and sleeping beds [29-31] . 
Many researches, as in our present study, are focusing on the non-invasive and 
awareness-free monitoring of the ECG during sleep. The recorded ECG during sleep 
is relatively stable than that during the daily activities due to the reduction of body 
movements, muscle activities and the variation of the nearby electric field. Moreover, 
people, in general, spend one third of their time for sleeping every day. Therefore, it 
is beneficial to apply the long-term ECG monitoring on sleeping beds. Nighttime 
ECG and HRV analysis has also been shown to be useful in the studies of sleep 
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quality, autonomic nervous system, and immune system [32, 33], and to be potential 
in the diagnoses of cardiovascular pathologies, diabetes and obstructive sleep apnea 
[16’ 17 ,34 -36 ] . 
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Figure 6 Electrically non-contact ECG measuring system designed by Lim et al. 
Recently, Lim et al. designed an ECG measurement method during sleep without 
direct skin contact [29]. An array of electrodes, which consisted of eight active 
electrodes (with dimensions of 40 mm x 40 mm x 12 mm each) arranged in a row, 
was inserted in the mattress under the thoracic region with about 3 mm protrusion 
from the mattress surface. A large conductive textile was placed at the lower area of 
the mattress and connected to the circuit ground. A thin cotton bedcover was placed 
on the top of both the electrode array and the ground plate (Figure 6). It was shown 
that the ECG signals could be continuously recorded by at least one set of the active 
electrodes regardless of the position and the posture of the subject. However, the 
rigid electrode array resulted in the discomfort during the long period of sleeping 
time. In addition, the insertion of the electrode array may also damage the mattress 
surface or affect the beneficial functions of the mattress. 
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On the other hand, Ueno et al. conducted a detail study of their designed ECG 
monitoring system in different conditions [31]. Conductive textile electrodes were 
used instead of metals. The two lead electrodes were located on the mattress under 
the left and right scapulae, while the reference electrode was placed beneath the right 
lumbar region (Figure 7). The system was tested on a subject for at least seven hours 
and a stable ECG was obtained without adverse effect of the long-term measurement 
on the quality of the signal. Besides, they found that the electrode area was the most 
influential factor on the signal, compared with other factors such as cloth thickness 
and coupling pressure. Additionally, the gain attenuation was mainly caused by the 
ultra-high input capacitance of the device. Although the conductive textile electrodes 
provided a comfort and deformable contact for capacitive sensing, the arrangement 
of the electrodes greatly limited the position and the posture of the subject during 
sleep. 
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Figure 7 Electrically non-contact ECG measuring system designed by Ueno et al. 
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CHAPTER 3 
SYSTEM DESIGN AND IMPLEMENTATION 
The proposed design of the electrically non-contact ECG monitoring system was 
consisted of three parts, the bedsheet sensor, the pre-amplifier, and the measuring 
device. In this chapter, the details of the above three parts will be described in 
separate sections. In addition, the software used for signal display, data capturing and 
data analysis will be illustrated in the last section of this chapter. 
3.1 Hardware 
3.1.1 Bedsheet Sensor 
The bedsheet sensor, as the front-end of the system, is the main component for the 
measurement of body surface potentials, similarly important to the disposable 
electrodes of the conventional ECG measuring device. Therefore, to be a practical 
device, the design of the bedsheet sensor was listed in the first priority in this study. 
Recalling the aforementioned two ECG monitoring systems on sleeping beds in the 
last chapter, Lim et al have developed an array of active electrodes together with a 
large sheet of textile ground plate [29], and Ueno et al have arranged the three small 
textile electrodes with two at both sides of scapulae and one at the lumbar region 
[31]. In the practical point of view, there are some limitations in both systems. In the 
former design, although the position and the posture of the subject during sleep were 
considered, and the metallic shield case provided a significant noise reduction, the 
rigid electrode array might cause uncomfortable feeling in long-term measurement. 
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which might also lead to the low quality of sleep. In addition, the insertion of the 
electrode array might cause an irreversible damage to the mattress surface, and 
reduce, or even eliminate, the beneficial functions of the mattress. In the latter design, 
although the problem of discomfort caused by the metal electrodes was solved by 
utilizing the conductive textile materials instead, the arrangement of the electrodes 
strictly limited the subject to sleep in a supine posture and in a correct lateral 
position on the bed throughout the long-term measurement. 
Therefore, the fabrication material and the arrangement of the electrodes become two 
crucial and practical considerations for the electrically non-contact ECG 
measurement on a sleeping bed. In our proposed design, high-quality conductive 
textiles (Stretch Conductive Fabric, Less EMF Inc.) were used as the electrodes. This 
conductive textile is made of 92% Nylon and 8% Dorlastan with silver plated. As a 
result, it can provide an excellent electric conductivity (less than 1 Q. per squared 
inch) and a high elasticity. In addition, it is washable and non-irritative to skin even 
for long-term contact. Therefore, it is very suitable for the proposed application. 
There were totally three different arrangements of electrodes appearing in this thesis. 
Some changes were made after each preliminary test for improvement of signal 
capturing. Additionally, the conductive textile electrodes was sewn on a bedsheet 
rather than directly attached to the mattress. It, thus, provided not only the 
convenience of use, but also the washing possibility and the replacement for 
modification and renovation. 
In the first preliminary test, five electrodes were arranged in parallel along the 
direction of the body axis (Figure 8). Each electrode was tailored in a rectangular 
shape with the dimensions of 10 cm (L) x 70 cm (W). The first electrode was located 
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under the shoulder when the subject lay in a supine posture. Each electrode separated 
from the adjacent one by 5 cm. The suitable arrangement of the electrodes was found 
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Figure 8 Design of the bedsheet sensor used in Test I (first version). 
In the second preliminary test, two measuring electrodes were remained and 
arranged in parallel along the direction of the body axis (Figure 9). The dimensions 
of each measuring electrode were unchanged as in the first preliminary test. A large 
sheet of conductive textile with the dimensions of 20 cm (L) x 70 cm (W) was used 
as the reference electrode. The combination of the first and the third electrodes was 
found to be suitable for the electrically non-contact ECG measurement during sleep 
in the first preliminary test. The arrangement is shown as follows. The first electrode 
was located under the shoulder, while another one was separated by 20 cm at the 
lumbar region. The reference electrode was placed 20 cm farther from the second 
measuring electrode and at the region of hips and thighs. 
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Figure 10 Design of the bedsheet sensor used in Experiment I and II (final version). 
The electrode arrangement was finalized after the second preliminary test. Details of 
this test will be shown in section 4.2 in the next chapter. Small changes were carried 
out and used for the remaining two experiments (Figure 10). The width of the three 
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electrodes was shortened to 50 cm, while their positions were unchanged. A 
conductive textile leading tail with a width of 3 cm was tailored in each electrode 
and sewn beneath the bedsheet (Figure 11). These leading tails were ended at the left 
edge of the bedsheet for the attachment of the pre-amplifier and the connection to the 
main circuit. 
Figure 11 Actual image of a leading tail with a pre-amplifier connected. 
3.1.2 Pre-amplifier 
In this study, the electric potentials are captured by capacitive sensing. The signal 
strength to the measuring device is greatly smaller than that of the conventional one 
due to the high input impedance between the body surface and the textile electrode 
through clothes. Moreover, in a conventional ECG device, electrodes are commonly 
connected to the measuring circuitry through unshielded wires for simplicity. By 
considering the application at home, where electric appliances usually appears 
Page vii 
elsewhere without proper shielding, the small captured signals can be easily 
contaminated by the power line interference or other varying electric fields through 
capacitive coupling to the electrodes and the connection wires. In the present study, a 
pre-amplifier acting as a connector to an electrode was designed. This pre-amplifier 
could provide an effective impedance matching for the through-cloth ECG 
measurement and also a very low output impedance for signal transmission to the 
main circuit. Universal serial buses (USB) were used as the connection cables 
between the pre-amplifier and the main circuit. These cables were properly shielded 
and can be easily bought in the market with different lengths fitting to the particular 
situation of use. In this section, the design and the simulations of the pre-amplifier 
will be shown in detail. 
As aforementioned, the model of the measuring method can be simply represented in 
Figure 5，where the cloth is sandwiched by skin and the textile electrode. The 
capacitance of coupling (Q/) can be approximated by Equation 1. 
Cc, - (2) a 
Taking cotton cloth as an example, which is the common material for making 
pajamas and bedcovers, the dielectric constant � is normally about 4 under room 
temperature and relative humidity of 50% [37], The total thickness including both 
the cloth and the bedcover is, in general, less than 1 mm. In the calculation, thickness 
of 1 mm is used. The area of the coupling region is maximally equal to 50000 mm^ 
(10 X 50 cm )• However, normally 60% of the area is under the subject's body in 
supine posture. Thus, by substituting those parameters into Equation 2，the capacitive 
of coupling, in our case, is approximately equal to 1 nF. 
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Ueno et al. have also found the experimental estimations of Ren, Rci and Qi by 
measuring the frequency-impedance response of the 70-cm^ inserted cotton cloth 
with a precision LCR meter under a constant pressure [31]. The temperature during 
the measurement was 24 °C and the relative humidity was between 40% and 46%. 
They used the equivalent circuit shown in Figure 12 in their experiment, where Rc„ is 
the contact resistance between the cloth and the conductive surfaces such as the 
electrode or the skin; Rd and Q/ are the resistance and capacitance of the cloth 
respectively. The estimated values are shown in Table 2. 
_Zc_ _ 
I Rci I 
I rAAA-i I 
o-p—\AA— —J—o 
丨Rc:n H H 丨 
i Cci 1 L _ _ _ _ ^  
Figure 12 Equivalent circuit of an inserted cloth used for the frequency-impedance test 
by Ueno et a/. [31] 
Table 2 Estimated values of R^t, Rd and Q with different thicknesses of 
inserted clothes from an experiment done by Ueno et al. [31 ] 
Thickness (fim) R^ (Mil) Rd (MH) Cd (pF) 
395 1.93 209 59 2.3 
463 3.96 152 71 3.3 
1020 ^ m ^ 4.0 
Since the area of the electrode in the present study is about five times larger, the 
experimental capacitance of coupling is in the same order as that in the above 
calculation. The resistance across the cotton cloth of width 1 mm (Rd) should be 
similar in our case. Since the effect of Ren is very small comparing to those of Rd and 
Cci, the impedance of coupling (Zc) can be approximated by the following equation. 
Page vii 
(3) 
Assuming that Q/ equals 1 nF, Zc is about 280 MQ. at 1 Hz. Since this impedance is 
very high, the small electric signal passing through the cable to the main circuit is 
easily contaminated by the power-line interference or other surrounding electric-field 
variations. A pre-amplifier with an ultra-high input impedance is used as close as the 
electrode to match this impedance and provide a low output impedance for signal 
transmission through a cable. 
In the present study, an ultra-low bias current Difet operational amplifier with high 
input impedance (OPA129, Texas Instruments, lO^^Q according to the specification 
sheet) was employed. This amplifier attained a typical noise level of 85 nV Hz*" at 
10 Hz, which was generally sufficient for most routine heart diagnoses. In addition, 
to prevent the amplifier from saturation due to finite on-chip and on-board leakage 
currents under a practical consideration, a large-value input biasing resistor 
(HCC-1206-1008L, IMS Inc., 10 GQ, tolerances to ±15%) was added between the 
non-inverting input and the analog ground. OPA129 also provided a precise guarding 
layout to further minimize the effect of these leakage currents. The schematic 
diagram (Figure 13), the layout (Figure 14) and the actual image (Figure 15) of the 
proposed pre-amplifier connector are shown as follows. 
The pre-amplifier connector was made of a double-sided copper-clad printed circuit 
board (PCB) with the bottom face used as a guard plane while the top face 
configured as a surface-mounted-circuit structure. This planar design provided a 
remarkably high quality of guarding and shielding. Each connector was precisely 
made with the dimensions of 35 mm (L) x 20 mm (W) by a PCB milling machine, 
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which ensured the electrical-insulation properties of the circuit board. The 
pre-amplifier connector was designed with one end soldered with a spring clip for 
attaching to a conductive textile electrode while another end soldered with a USB 
Mini-B socket for connecting to the main circuit via a USB cable. 
RFEL 
I ! ^ ^ I—^OUT 
� - ^ OPA129 
< > l O G 
V 
Figure 13 Schematic diagram of a pre-amplifier. 
I — k I B ^ ^ S I 
iifflii K H 
. P M 
w ^ M I N N 
• 
Figure 14 PCB layout of a pre-amplifier. 
The figure on the left shows the outlines of electronic components; and 
the figure on the right shows the copper-plated area (black in colour). 
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Figure 15 Actual image of a pair of pre-amplifiers. 
A one-dollar coin was used for the comparison of size. 
Figure 16 shows a complete model of the present pre-amplifier design with the 
electrode-skin interface. Vs is the body surface potential of the coupling region; Zc is 
the resultant impedance of the electrode-skin interface with inserted cotton cloth; Zb 
is the impedance including the resistance of the biasing resistor (Rb) and the stray 
capacitance between the non-inverting input and the ground of the amplifier (Q) ; 
and Zp is the input impedance of the amplifier. 
r 一 一 一 一 ， 
I R d I K . 
1 r^AAn I Vin + 
- ^ J I ! ； ! ! ； ； R R ^ 
I I I Cb _ > RD I I 丁《 I ^ ^ � , 
Z c J 
V V 7 “ � v x ^ 
Figure 16 Equivalent circuit of a pre-amplifier together with the skin-to-electrode coupling. 
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Since the amplifier was configured as a voltage buffer, 
V卯,二 Vin 
Thus, 




z = Rp 
s = jco 
CO is the angular frequency of the system 
In practice, Cb could be eliminated by the high quality of guarding and shielding 
provided by the planar design of the pre-amplifier connector. This capacitance was 
also disregardful when comparing with the input impedance of the amplifier. Thus, 
ZB = RB 
The transfer function can be rewritten as follows. 
K,", = Rb'/^P 
Vs 
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= — • ^ ― ^ (5) 
� r 1 1 V|2 
1 1 + — + — + 历 iL Rp )\ 
For the purely capacitive model of the electrode-skin interface, 
Rci — 00 
Thus, 
Kw/ sRpCci (7) 
Vs 1 + 会 + 代 
Kb 
^ = - _ 1 (8) 
Vs Ifi Cp 丫 fi 尺p 丫 f 1 丫 1 + — ^ + 1 + - ^ 
vv ) \ Rb)��RpCci) 
By substituting the following values into Equation 6 and 8, the frequency and phase 
responses of the system (Figures 17 and 18) shown in Figure 16 was plotted below. 
Rci= 121 M n； 尺 p = 1 0 1 5 q ; Rb = 10 GQ', 
C d == 1 n F ; C/> = 2 p F . 
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Figure 17 Magnitude and phase responses of a pre-amplifier 
together with the skin-to-electrode coupling where R^ equals 121 M i l 
The presence (undotted line) and absence (broken line) of a biasing resistor (Rb) 
are shown for comparison. 
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Figure 18 Magnitude and phase responses of a pre-amplifier 
together with the skin-to-electrode coupling in a purely capacitive case. 
The presence (undotted line) and absence (broken line) of a biasing resistor (Rg) 
are shown for comparison. Page vii 
3.1.3 Measuring Device 
The body surface potentials captured by the textile electrodes and transduced by the 
pre-amplifiers were transmitted to a self-made measuring device via USB cables. 
The measuring device was composed of a signal conditioning circuit, a 
microcontroller with the function of analog-to-digital conversion, and a data 
transmitting unit. The signal conditioning circuit included an instrumentation 
amplifier (INA116, Texas Instruments), a second-order high-pass filter (8 Hz), two 
notch filters (50 Hz), a four-order low-pass filter (40 Hz). The total gain of the 
passband was about 2250. The filtered signal was digitized by a low-power AVR 
8-bit microcontroller (ATmegaS, Atmel) with a sampling rate of 1 kHz. Data could 
be transmitted to a computer for real-time signal display and storage through a USB 
connection, or to a personal digital assistant (PDA) for simple HR measurement and 
tracking through a wireless Bluetooth connection (Figure 19). 
Bedside Measuring Device 
r 1 r 1 I OPA129 I I • , _ ^ :丨 InsUumentatkm , , , . , i ； I 丨 r^ Amplifier High-pass Notch Low-pass , 
； 1 _ @ 8 H z @50Hz @40H2 | 
— t t I 
I I- “• J 3 = 45 丨  
I ««*• —•• I > 1 !• - r ； - j ^^^^^^  f 
i
l < ^ 0 」 ； • 騰 —ADC ~<^ 50 —I I 
\iJSSr I 咖 @ 1kHz ； Lj! � j 1 1 — — I 
f / / I Bluetooth I 
^ ^ ^ U \ , Module 
——USB Cable w | • Figure 19 Schematic diagram of the proposed system. 
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In conventional ECG measurement, frequency components ranged between 0.05 Hz 
and 100 Hz are commonly used for clinical studies. However, for most of the 
ambulatory or especially non-contact devices, motion artifacts due to body or 
electrode motions usually saturate the system and cause signal distortion. In the 
present study, the body surface potentials are captured capacitively under a lying 
subject through clothes. The effects of respiration, heart beats, and other body 
motions are greatly amplified by the whole body weight, and then cause a large 
variation of body-electrode separation. Consequently, a varying capacitance of 
coupling generates an undesirable baseline wander, which reserves a large portion of 
the dynamic range of the system in circuit design and thereby limits the 
amplification of ECG signals. Moreover, power line interference is also a major 
source of noise in the electrically non-contact ECG measurement. Since its 
magnitude is usually comparable to that of the captured R waves and its frequency is 
slightly higher than the main components of a normal QRS complex, it can highly 
affect the precise detection of R waves, and eventually the prediction of RR intervals 
and HR (Figures 20 and 21). To tackle these problems, several noise reduction 
techniques have been implemented in the proposed design of the system and 
described below. 
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Figure 20 Relationship between heart rates and RR intervals. 
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Figure 21 Relationship between heart rates and their maximum allowable error in RR intervals with 
the sampling rate of 1 kHz. 
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One of the easy and efficient methods is by proper filtering of the captured signals. 
According to some literatures, most of the power of a normal R wave is contributed 
by the frequency components above 8 Hz and below 40 Hz, while those of 
respiration, heart beating and motion artifacts are below 10 Hz and mainly 
concentrated below 5 Hz (Figure 22) [38 - 40]. Hence, an analog filter with a 
passband between 8 and 40 Hz was used in the circuit design (Figures 23 - 26). The 
cut-off frequency at 40 Hz can also protect the noise from power line (50 Hz). In 
addition, to avoid the difference amplifier from saturation due to the large baseline 
wander and to maximize the first-stage gain, the reference level of the 
instrumentation amplifier (INA116) was AC-coupled to its output with a cut-off 
frequency at 0.5 Hz (Figures 27 and 28). 
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Figure 22 Frequency analysis of ECG and QRS complexes from a healthy heart. 
Power spectra of (a) ECG and QRS complex [38]; (b) motion artifacts, muscle noise 
and QRS complex [38]; (c) ECG [39]; and (d) QRS complex [39]. 
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Figure 23 Schematic diagram of a second-order 8-Hz high-pass Butterworth filter with unity gain. 
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Figure 25 Schematic diagram of a forth-order 40-Hz low-pass Butterworth filter 
with a DC gain of 50. 
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Figure 26 Magnitude and phase responses of the forth-order 40-Hz low-pass Butterworth filter. 
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Figure 27 Schematic diagram of an instrumentation amplifier with an AC-coupled reference. 
The effect of the AC-coupled reference can be calculated as follows. 
(9) 
〜 無 (10) 
Thus, 
VS+^Vgv, 
\ sRC y 
二 c[ sKC ] 
y,, [i+sRc) (N) 
By substituting 1 MHz and 330 nF into R and C respectively, the AC-coupled 
reference acted as a first-order 0.5-Hz high-pass filter at the output of the 
instrumentation amplifier. 
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Figure 28 Magnitude and phase responses of an instrumentation amplifier with an AC-coupled 
reference. 
Elimination of the 50-Hz power line interference was performed in two ways. One of 
the methods was applying the 50-Hz twin-T active notch filter (Figures 29 and 30) to 
minimize the effect of the particular frequency component. The attenuation of the 
notch filter was investigated in the circuit design stage as follows. ECG signals from 
a subject lay on the bed in supine, laterally-turned and prone postures were captured 
for one minute and filtered with a passband between 0.1 and 100 Hz simultaneously 
by the proposed system and a standard ECG machine (with 50-Hz digital notch 
filter). Power spectra of both signals in three different postures were shown in 
Figures 31 - 33. The spectra were level-shifted with 0 dB at around 25 Hz for 
comparison purpose. In the figures, the 50-Hz power suffered in the proposed system 
was about 60 to 70 dB larger than that of the standard machine in all three cases. On 
the other hand, the width of the power line interference showed a tendency to 
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increase with the cloth thickness. Hence, the total attenuation at 50 Hz was set at 
around 80 dB, while the low cut-off frequency was at 35 Hz. By applying the present 
design, at least two notch filters were needed in the proposed system. The overall 
frequency response of the signal conditioning circuit is shown in Figure 34. 
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Figure 29 Schematic diagram of a 50-Hz twin-T active notch filter 
with the low cut-off frequency at 35 Hz. 
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Figure 30 Magnitude and phase responses of the 50-Hz twin-T active notch filter. 
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Figure 31 Power spectra of ECG of a subject in supine posture. 
Signals were captured by a standard ECG machine (black, digitally filtered at 50 Hz) and the 
proposed system with a passband of 0.1 - 100 Hz. Conditions of thin (red) and thick (blue) clothes 
worn by the subject were superimposed for comparison. 
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Figure 32 Power spectra of ECG of a subject in left-turned posture. 
Signals were captured by a standard ECG machine (black, digitally filtered at 50 Hz) and the 
proposed system with a passband of 0.1 - 100 Hz. Conditions of thin (red) and thick (blue) clothes 
worn by the subject were superimposed for comparison. 
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Figure 33 Power spectra of ECG of a subject in prone posture. 
Signals were captured by a standard ECG machine (black, digitally filtered at 50 Hz) and the 
proposed system with a passband of 0.1 - 100 Hz. Conditions of thin (red) and thick (blue) clothes 
worn by the subject were superimposed for comparison. 
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Figure 34 Magnitude and phase responses of the signal conditioning circuit. 
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The power line interference can also be seen as a type of common-mode noises. 
Negative feedback of the common-mode potential of the dipolar inputs to the subject 
can help to reduce such noises (Figure 35). The method implemented in the proposed 
circuit was similar to the driven-right-leg (DRL) circuit [41], which conventionally 
applies to direct-contact ECG devices. The schematic and equivalent circuits were 
shown in Figures 36 and 37 respectively. 
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Figure 35 Schematic model of a negative feedback system for common-mode noise reduction. 
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Figure 37 Equivalent circuit of the proposed system for common-mode voltage calculation.. 
By applying Kirchhoff's current law (KCL) and Kirchhoff's voltage law (KVL), 
three equations were given from the equivalent circuit. 
+ (12) 
s C c V c = - V l + V a " - V 2 + K . " , - V d r l ( 1 3 ) 
Zci Zc2 
V 飢 = - 晰 + V 2 ) (14) 
where 
Zr = ~ ~ — — — f o r / = 1, 2 or 3 (15) 
c' 1 + sRc丨丨Cc丨丨 
Recall Equation 5. 
V, = f o r / = l o r 2 (16) 
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where 
• � = — — ( I + Y � " . (17) 
Kp) 
Substitute Equation 16 into Equation 14. 
+ (18) 
Substitute Equations 16 and 18 into Equation 13. 
'l-H,{s) I \-H^(s) I 1 + K[H,{s) + H^{s)Y 
^ ^ ^ k (19) 
sCg 
� > 
Rewrite Equations 12 as follows. 
fc +c ^ (c + c + r ^ 
= ^ ^ ^ + � + 广 G Vg (20) 
\ ^L J V ^L y 
Substitute Equation 19 into Equation 20. 
r f c c ^ r' 
+ Cl C, \l-H,(s) I l-H,(s) I 1 + K[H,{s) + H , { s ) ] ] 
^L C L sCfj Zci Z � J 
- V . 
(21) 
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By substituting some typical values into Equation 21, the frequency and phase 
responses were shown in Figures 38 - 40 below. 
Ce = 200 pF ; CG = 200 pF ; CL = 2 pF ; 
RB 二 10 G Q ； Rp 二 10i5 n ； Cp = 2 p F ; 
Rci= 121 MQ ； Cc/7 = C d 2 = l n F ; Cds = 2 nF . 
-601 1 1 1 1 
70 i i— — 
、•^、- � \ . �:"〜‘—. ； S" on ： N 
S -80- ； � -
« \ � 
昏 100 K 二 0 
^ “ K = 1 '、:::: ‘ 
K = 100 
•1201 丨丨 1 i 1 
1 0 习 1 0 易 1 0 " ' 10.2 1 0 ° 1 0 ' 
20, T 1 1：^-^ 1 ： I ^ ^ \ I 
= ： 乂 \ 、、、 
S � 丨 \、、 、 一 z z ； 
0> \ : 
w ,90 \ ： •/ -
I .丨 \ 丨 / 
I ' ' ] ^ .........1\\.......jf I -
a K = 1 i ...、 、\乂 -60- K = 10 1 \ / ! i -K=100 ‘丨 .8ol' ——LI 1 i 1 
1 0 名 1 0 名 1 0 . 4 1 0 . 2 1 0 ° 1 0 ' 
Frequency (Hz) 
Figure 38 Magnitude and phase responses of the common-mode noise rejection with different 
amplifications (K) of the driven-right-leg circuit in the condition of R i^ =121 Mfi . 
A： = 0 represents the capacitive ground connection. 
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Figure 39 Magnitude and phase responses of the common-mode noise rejection with different 
amplifications {K) of the driven-right-leg circuit in the condition of purely capacitive coupling. 
AT = 0 represents the capacitive ground connection. 
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Figure 40 Magnitude and phase responses of the common-mode noise rejection with different ratios 
of Cc/2 to Cc/y in the condition o{R,i= 121 MD. and K= 100. Page vii 
Figures 41—46 show some typical ECG signals and power spectra recorded by the 
proposed system simultaneously with a standard ECG (Lead II) and an electrically 
non-contact ECG from a wider frequency band (0.1-100 Hz). 
Captured Signal (Standard ECG Lead II) 
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Figure 41 ECG signals simultaneously recorded by a standard ECG machine (top) and the proposed 
system with passbands of 0.1-100 Hz (middle) and 8-40 Hz (bottom) in the condition of a thin cloth 
worn by the subject. 
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Figure 42 Power spectra (in linear scale) of the ECG signals simultaneously recorded by a standard 
ECG machine (black) and the proposed system with passbands of 0.1-100 Hz (blue) and 8-40 Hz (red) 
in the condition of a thin cloth worn by the subject. 
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Figure 43 Power spectra (in logarithmic scale) of the ECG signals simultaneously recorded by a 
standard ECG machine (black) and the proposed system with passbands of 0.1-100 Hz (blue) and 
8-40 Hz (red) in the condition of a thin cloth worn by the subject. 
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Figure 44 ECG signals simultaneously recorded by a standard ECG machine (black) and the 
proposed system with passbands of 0.1-100 Hz (blue) and 8-40 Hz (red) in the condition of a thick 
cloth worn by the subject. 
Page vii 
Power Spectrum 
501 1 1 1 1 1 1 1 [ \ 
Standard ECG 
-一 0.1-100 Hz 
今0 _ 一 I 8-40 Hz I 
30 i-' -
, 爐 I j v •••: 
-501 1 1 1 1 1 1 - ! — J - ~ I — — J — 1 
10 20 30 40 50 60 70 80 90 100 
Frequency (Hz) 
Figure 45 Power spectra (in linear scale) of the ECG signals simultaneously recorded by a standard 
ECG machine (black) and the proposed system with passbands of 0.1-100 Hz (blue) and 8-40 Hz (red) 
in the condition of a thick cloth worn by the subject. 
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Figure 46 Power spectra (in logarithmic scale) of the ECG signals simultaneously recorded by a 
standard ECG machine (black) and the proposed system with passbands of 0.1-100 Hz (blue) and 
8-40 Hz (red) in the condition of a thick cloth worn by the subject. 
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The filtered signals (8 - 40 Hz) were digitized at a sampling rate of 1 kHz by a 
microcontroller (ATMegaS) with a 10-bit accuracy. The digital data were then 
transmitted to a computer for display, analysis and storage through a USB 
connection by a USB-to-UART bridge (CP2102, Silicon Laboratories), or to a PDA 
for simple HR measurement and tracking through a wireless connection by an 
embedded Bluetooth-serial module (Parani-ESD200, Sena). 
3.1.4 Power Supply & PCB Layout 
The measuring device and the two pre-amplifiers could be powered by a 9V battery 
or a medical-graded AC-DC transformer. All analog circuits operated at ±5V dual 
supply voltage regulated by LM78L05 (+5V regulator, National Semiconductor) and 
LM79L05 (-5V regulator, National Semiconductor) respectively, while the digital 
part was supplied separately with a +3.3V regulated by MAX604 (Maxim-Dallas 
Semiconductor), except the USB-to-UART bridge, which was powered directly by 
the computer. The currents drawn by the measuring device in different conditions 
were listed in Table 3 below. 
Table 3 Total current drawn by the circuit in different conditions. 
Operation State 
Total Current Signal Bluetooth Drawn Pre-amplifiers Conditioning MCU Connection (mA) Circuit 
On On On On 67 
On On On 39 
On On 25 
On 21 
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Analog and digital circuits were routed apart from each other on a double-sided PCB 
with only one point connection between both grounds. In the digital part, most of the 
unrouted area was grounded and added with numerous conductive vias to reduce the 
influence of the undesirable high-frequency digital noise. The finalized layout of the 
PCB (Figures 47 and 48) and the actual images (Figures 49 and 50) of the measuring 
device were shown below. 
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Figure 47 Layout of the PCB (front face). 
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Page vii 
* I ‘ • — I 
..... .• "一 •^二n，..-…. 4 
：; -""""V^ ,.-!•、丨 
I . . • . '. * . ‘ - . . .•v. , .•<' 、.‘ ，, 
‘* - ‘ •• .. » . • “、，‘:.• .：“、,、.. . 
‘ 
I . . …--I 
： � … • y . 
.’：.；I • . ‘ . . 
R波MM纗出 心 供 a i 
IMV ' ' ? ;心«»_出 心 菴 ® 桶 。 
供 口 
參考電極接口 
‘ , I f . • - 1 
… ： 5 霄 濉 閣 關 二 ‘， ， i 
•• • • I i I i • - - ” 
I ： 1 , 
U S B 輸 出 接 口 C芽関抑5 ：� 
i • 
‘； I i 
. f 
i '•••I ••” • > • ‘“ • 
_ 麵 線 電 寧 瀬 ： ‘ . ： 
床塾系統 , 
、•:/,:.;.、[‘、.，/>V、：：>>l.•••>':•/“：:.'，,、'- "..•.； . fC^:.,�义 - ， P 
• ..丨..、丨 ： V : . ；., - “ … ， • • 
Figure 50 Actual image of the measuring device. 
3.2 Software 
All data analyses in the following chapters were processed by a numerical computing 
program called MATLAB (The Math Works, Inc.). 
3.2.1 Detection of R Waves 
Algorithms for the detection of R waves were illustrated in Figure 51. Firstly, the 
captured ECG signals were further treated with a digital band-pass Butterworth filter 
with low and high cut-off frequencies at 33 Hz and 40 Hz respectively. In our 
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experience, the signal power in this passband was solely contributed by the QRS 
complex of an ECG waveform. It was an effective method for the correct detection 
of R waves especially in some noisy signals. The relationship between the captured 
ECG and the digitally filtered waveforms was shown in Figure 52. The first 
outstanding peak in the latter waveform was referred to a particular position of the 
rising slope between Q and R waves. Also, there were generally no other frequency 
components fallen in this passband. Consequently, three decision windows were used 
to locate and validate this outstanding peak in each filtered waveform (Figure 53). 
, . All time variables are in ms. 
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Figure 51 Schematic diagram of algorithms for the detection of R waves. 
The first window was applied to find the first maximum point in a 130-ms interval, 
where the front of the window was 100-ms ahead the point. The second window was 
separated into two sections, where the position and the length were the same as those 
of the first window but a 40-ms interval centered at the maximum point was omitted. 
This window ensured that the maximum magnitude found in the first window was at 
least doubled than those in the two intervals. The last window was applied to the 
original ECG waveform. It was used to verify that there was no saturation within a 
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Besides, maximum values of the filtered signals in five successive seconds without 
saturation were averaged as a threshold value. The magnitude of the maximum point 
found by the three windows was compared with the threshold value. This magnitude 
should be larger than 60% and less than 200% of the threshold value to avoid the 
accidental peaks caused by data loss of transmission or other electronic artifacts. The 
magnitude of the adopted peak together with the previous four values was averaged 
as a new threshold value to prevent the incorrect detection due to the changes of 
R-wave magnitudes throughout the recording period. The position of R wave in a 
particular waveform was then located by moving the position of the first peak in 
filtered waveform forward along the time axis in the ECG waveform until reaching a 
local maximum. After a successful detection of an R wave, all windows were moved 
forward by 500 ms (the preset minimum RR interval) before the next search. 
3.2.2 Tracking of HR & Mean RR Intervals 
The minimum and maximum heart rates were set at 40 and 120 bpm respectively, 
which represented that the acceptable values of RR intervals should be within 500 
and 1500 ms. It is reasonable for the application for resting state and provide higher 
accuracy and efficiency in the R-wave detection algorithms. 
The HR and RR intervals for tracking purpose in the experiments described in 
Chapter 5 were estimated as follows. The tracking step was set at 1 minute. The 
number of RR intervals found in each minute should be larger than ten for a 
successful estimation, otherwise the HR reading of that minute would not be shown 
in the track. HR was calculated by the mean values of RR intervals (mRRI) in the 
following formula. 
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™ = in tpm (22) mRRI 
, arithmetic sum of RR int ervals . where mRRI = in ms (23) number of RR int ervals 
3.2.3 Estimation of Signal-to-Noise Ratios 
To verify the quality of an ECG waveform, signal-to-noise ratio (SNR) was used in 
the preliminary tests described in Chapter 4. In the present study, each ECG signal 
was partitioned into many beat-wise sections. Every section was centered at the 
position of R wave with the length equivalent to the mRRI of the corresponding 
minute. A QRS complex was defined as the waveform with a 100-ms interval 
centered at R wave, while the remaining parts at both ends were defined as the noise. 
The baseline of each section was shifted to the arithmetic mean of the noise. 
Therefore, SNR of an ECG waveform could be defined as the ratio of the maximum 
magnitude of a QRS complex to the root-mean-square magnitude of the noise 
(Figure 54). 
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CHAPTER 4 
PRELIMINARY TESTS ON THE FUNCTIONALITY OF 
THE PROPOSED SYSTEM 
Before applying the proposed system in the long-term experiments, preliminary tests 
were needed to ensure that the system could work properly in practical situations and 
seek rooms for the improvement of the system. In the present study, two preliminary 
tests were carried out and described in detail in this chapter. 
4.1 Test I 一 Test on the Arrangement of Electrodes 
The main feature of the proposed design is the continuous and awareness-free 
monitoring of ECG. To realize this feature, long textile electrodes were sewn on a 
bedsheet along the direction of the body axis for the detection of body surface 
potentials. Therefore, the ECG measurement can still work even when the subject 
moves to another lateral position on the bed or make a turn. However, the signal 
strength and also the noises are expected to have a great dependency on the locations 
of the measuring electrodes. In this test, investigation of the electrode arrangement 
was carried out. 
4.1.1 Methods 
The test was done in a bedroom of a student hostel. Air conditioner operated at the 
same degree throughout the test. As mentioned in Section 3.1.1, the first version of 
bedsheet sensor was used. The bedsheet was placed on a sleeping bed with a 
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common mattress with a thickness of about 60 mm and covered with a thin cotton 
bedcover. Six subjects, with four males and two females aged 20 - 22, were recruited 
and all wore cotton T-shirts during the test. 
In each test, a subject was requested to lie on the sleeping bed and keep in a supine 
posture. After a 10-minute rest, signals from 32 sets of electrode combinations were 
recorded for one minute successively. Photoplethysmograph (PPG) captured from 
the right-hand index finger of the subject was recorded simultaneously as a time 
reference. Data was stored in a laptop computer for analysis. 
Each electrode combination included two measuring electrodes and one optional 
reference electrode. To reduce the estimation error due to the physiological changes 
of the subject during the testing period, each test was controlled to finish within one 
hour. Therefore, not all possible electrode combinations were tested. The overview 
of those combinations was listed in Table 4. In the table, 1 to 5 represented the 
electrodes ordered from the shoulder along the direction of the body axis; B for the 
large conductive sheet under the mattress; and N/A for no connection between the 
measuring device and the bedsheet sensor. The idea of the designed electrode 
combinations was based on the arrangement of the DRL connection. For each pair of 
measuring electrodes, the DRL connection could be placed near the shoulder end, 
in-between the measuring electrodes, near the thigh end or under the mattress. One 
of those possible DRL connections in each case was included. In addition, the 
absence of the DRL connection was also tested. 
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Table 4 The 32 sets of electrode combinations used in Test I. 
Combination Number Electrode 1 Electrode 2 DRL Connection 
1 1 2 B 
2 1 2 3 
“ 3 1 “ 2 5 
4 1 3 5 
“ 5 1 “ 3 — 2 
6 1 3 B 
7 1 4 B 
8 1 4 — 2 
9 1 4 5 
10 2 4 5 
11 2 4 3 
12 2 4 1 
“ 13 2 “ 4 B 
14 2 3 B 
15 2 3 1 
16 2 3 5 
17 3 4 5 
18 3 4 1 
19 3 4 B 
20 3 5 B 
21 3 5 4 
22 3 5 1 
23 4 5 1 
24 4 5 B 
25 1 2 N / A 
26 1 3 N / A 
27 1 4 N / A 
28 2 4 N / A 
^ 2 3 N / A 
^ 3 4 N / A 
31 3 5 N / A 
32 4 5 N / A 
Page vii 
4.1.2 Results 
The recorded ECG was cut into many beat-wise segments centered at R waves with 
the length equivalent to the mRRI of the corresponding minute. It was expected that 
the ECG captured from some sets of electrode combinations would be too noisy or 
too weak for the correct detection of R waves. Therefore, for simplicity, if the total 
number of R waves found in the ECG recording of a particular set of electrode 
combination was larger than ten (corresponding to one-fourth of the preset lower 
limit of HR), those segments were then used to calculate the SNR of that particular 
combination. In each segment, SNR was calculated by using the aforementioned 
method described in Section 3.2.3. The SNRs from each set of electrode combination 
were averaged and then normalized by dividing the sum of those 32 averaged SNRs. 
The means and the standard deviations of those normalized SNRs of all six subjects 
for the 32 sets of electrode combinations were shown in Figure 55. 
Principal component analysis (PCA) was applied to the normalized SNR data. In this 
analysis, the data were firstly standardized and then transformed to a new coordinate 
system such that the greatest variance by any projection of the data comes to lie on 
the first coordinate, so-called the first principal component (PC); the second greatest 
variance on the second coordinate, and so on. By putting the 32 sets of electrode 
combinations and the six subjects as variables and observation samples, the plots of 
loadings and scores on the first PC were shown in Figures 56 and 57 respectively. 
The result shows that nearly 50% of the data were projected on this PC. In our 
finding, further decomposition of the data by other PCs showed no special 
relationship. The first PC could be explained as follows. In this test, the main 
difference among the subjects separated in positive and negative sides in the scores 
Page vii 
plot was that Subjects 1, 5 and 6 wore cotton pants, while the others wore polyester 
ones. With referring to the loadings plot, most of the combination sets including 
Electrode 4 or 5 as one of the measuring electrodes (Combinations 7 - 13, 1 8 - 2 2 , 
24 and 27) normally show a positive effect on Subjects 1, 5 and 6 but negative on 
Subjects 2，3 and 4. Possibly, since the dielectric constants of the media between the 
two regions of coupling were largely differed from each other, a great impedance 
mismatch at the two measuring interfaces was developed and affected the electrically 
non-contact ECG measurement. 
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Figure 55 Means (square) and the standard deviations (error bar) of the normalized SNRs of all six 
subjects for the 32 sets of electrode combinations. 
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Besides, the number of the averaged SNRs of the six subjects larger than certain 
decibel levels in each set of electrode combination was plotted in a histogram 
(Figure 58). In the figure, there were only five sets of electrode combinations 
(Combinations 2, 3，25’ 26 and 29) obtaining the averaged SNRs above 0 dB for all 
six subjects. The measuring electrodes of those sets of electrode combinations were 
all composed of two among Electrodes 1，2 and 3. Besides, Combination 26 shows 
the best performance based on its greatest averaged SNRs obtained in this test. 
Number of Mean SNR of Subjects Above Different Decibel Levels 
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Figure 58 Histogram of the number of averaged SNRs of the six subjects larger than certain decibel 
levels in each set of electrode combination. 
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4.2 Test II 一 Test on the ECG Measurement of Subjects in 
Different Sleeping Postures 
In practice, a subject would normally make more than ten turns during the whole 
sleeping period. The feasibility of the proposed system for measuring the subject's 
ECG in different postures was, thus, an important issue in this case. In this test, ECG 
measurements of the subjects with several postures were conducted. 
4.2.1 Methods 
The test was done in a radio-frequency (RF) shielded room. The temperature was 
kept constantly at 22 °C by an air-conditioning system throughout the test. The 
arrangement of the electrodes was settled after Test I. The second version of bedsheet 
sensor mentioned in Section 3.1.1 was used instead of the first one. The bedsheet 
was placed on a sleeping bed with a common mattress with a thickness of about 80 
mm and covered with a thin cotton bedcover. Another eight subjects, with seven 
males and one female aged 20 - 25, were recruited and all wore cotton T-shirts 
during the test. 
In each test, a subject was requested to lie on the sleeping bed and rest for ten 
minutes. After resting, the subject kept in a supine posture with both hands placed 
out of the measuring region and ECG was recorded by the proposed system for one 
minute. Subsequently, the subject still kept in the same posture but with both hands 
placed on the respective sides near the body and ECG was recorded for another one 
minute. By repeating the above two measurements in right-turned, left-turned and 
prone postures, totally eight recordings were collected for each subject. The 
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combinations of the postures and the positions of hands were listed in Table 5. 
Conventional ECG (Lead I) was simultaneously captured by a standard ECG 
machine (AstroMed Grass Physiological recorder, Model 7400) as reference 
throughout the test. Data was stored in a desktop computer for analysis. 
Table 5 Labels of combinations of postures and positions of hands used in Test II. 
Position of hands Postures Out of measuring region On both sides 
Supine 1 2 
Right-turned 3 4 
Left-turned 5 6 
Prone 7 8 
4.2.2 Results 
The recorded ECG was cut into many beat-wise segments centered at R waves with 
the length equivalent to the mRRI of the corresponding minute. Magnitude of QRS 
complexes and SNR were calculated by using the aforementioned method (Section 
3.2.3) in each segment. HR variations of each subject were investigated before 
analysis (Figure 59). The maximum standard deviation of HR variations among the 
eight subjects was 3.2 bpm. Therefore, it could be assumed that the physiological 
conditions were not changed throughout the tests and would not generate any 
unexpected errors caused by the length of the segments among different postures. 
The feasibility of the proposed system for measuring the subject's ECG in different 
postures could be indicated by the correct detection rate of R waves. The positions of 
R waves detected from the electrically non-contact ECG were compared with those 
from the conventional ECG. If an R wave detected from the former ECG fell within a 
50-ms interval started at the position of a particular R wave of the latter ECG, and 
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the difference between the RR intervals started at those two R waves was smaller 
than 20 ms, it was regarded as a correct detection of R wave. The ratio of such 
correct detections to the total number of R waves of the conventional ECG minus 
one was defined as the correct detection rate. The correct detection rates of each 
subject in different postures and position of hands were shown in Figure 60. In 
general, there was a high rate of correct detection in all postures. Some data sets 
shown low detection rates were normally resulted by the motion artifacts of the 
subjects during signal recording. 
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Figure 59 Mean (dot) and standard deviation (error bar) of HR of each subject throughout the test. 
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Figure 60 Correct detection rates of R wave for each subject in different postures 
and position of hands. 
The means of both magnitudes of QRS complexes and SNRs of different postures 
were normalized individually by dividing the sum of mean values obtained from the 
eight postures. Figures 61 and 62 show the results of both normalized ratios in all 
eight postures respectively. SNRs did not show any significant relationship among 
different postures. However, the magnitudes of QRS complexes of all four postures 
with the hands placed out of the measuring region were significantly (p < 0.05) 
larger than those with the hands placed on both sides of the body. 
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Figure 61 Means (bar) and standard deviation (error bar) of normalized ratios of magnitudes of QRS 
complexes in the eight different combinations of postures and position of hands. 
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Figure 62 Means (bar) and standard deviation (error bar) of normalized ratios of SNRs in the eight 
different combinations of postures and position of hands. 
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CHAPTER 5 
EXPERIMENTS ON THE PERFORMANCE OF 
CONTINUOUS MONITORING OF E C G AND H R 
The two preliminary tests have given supportive results for the confirmation of the 
practical utility and also the further improvement of the system. In this chapter, two 
experiments were carried out to verify the reliability and the feasibility of continuous 
monitoring of HR through the electrically non-contact ECG measurement by the 
proposed system over a long period of time. 
All the experiments were performed in a RF-shielded room. The temperature was 
kept constantly at 22 °C by an air-conditioning system throughout each experiment. 
Some modifications were applied to the bedsheet sensor based on the results in the 
two preliminary tests. The third (final) version of bedsheet sensor mentioned in 
Section 3.1.1 was used in the following two experiments. The bedsheet was placed 
on a sleeping bed with a common mattress with a thickness of about 80 mm and 
covered with a thin cotton bedcover. 
5.1 Experiment I 一 Experiment on the Reliability of the 
Proposed System for Continuous Monitoring of ECG 
and HR on Thirty Subjects 
To applying the proposed system to home healthcare applications, the electrically 
non-contact ECG measurement should be suitable to most of the people. The 
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objective of this experiment is to verify the reliability of the proposed system for the 
continuous monitoring of HR applying to a large sample size of people. The 
performance of the system was also shown in this section. 
5.1.1 Methods 
30 subjects, with 18 males and 12 females aged 20.9 士 1.6，were recruited and all 
wore cotton T-shirts in the experiment. Each subject was requested to lie on the 
sleeping bed and rest for ten minutes in the beginning of the experiment. 
Subsequently, ECG was recorded for 60 minutes and the conventional ECG (Lead II) 
was simultaneously captured by a standard ECG machine (AstroMed Grass 
Physiological recorder, Model 7400). During the experiment, the subjects were only 
allowed to lie on the sleeping bed but without the restriction on postures. Data was 
stored in a desktop computer for analysis. 
5.1.2 Results 
For data analysis, all R-wave positions of the recorded ECG were detected by the 
method mentioned in Section 3.2.1. As a result, RR intervals were found in each 
ECG recording. HR was estimated by mRRI in each minute and one-minute-based 
tracking of HR was then generated according to Section 3.2.2. Some typical results 
were shown in Figures 63 and 64. The first figure shows the best tracking of HR, 
while another one shows the worst case. In both cases, the trends of HR follow 
tightly to the reference. 
The accuracy of the detection was demonstrated by the one-minute-based 
root-mean-square errors of HR and mRRI. Root-mean-square errors of mRRI and 
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HR with respect to those found by the conventional ECG were calculated to be 8 ± 
6.97 ms and 0.66 土 0.5720 bpm respectively. Individual root-mean-square errors of 
mRRI and HR were plotted in Figures 65 and 66 respectively. 
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Figure 63 Tracking of HR of a particular subject (best case). 
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Figure 64 Tracking of HR of a particular subject (worst case). 
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Figure 65 Root-mean-square errors and the corresponding mean values of mRRIs of the 30 subjects. 
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Figure 66 Root-mean-square errors and the corresponding mean values of HRs of the 30 subjects. 
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On the other hand, absent or incorrect R-wave detections were, in general, caused by 
signal saturations due to motion artifacts. In this study, it was regarded as a signal 
disturbance. Hence, the one-second-based checking of such signal disturbances was 
carried out. A signal without saturation was regarded as an available one for R-wave 
detections, and vice versa. The percentage of those sections throughout the 
experiment for each subject was calculated and shown in Figure 67. 
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Figure 67 Percentage of available sections throughout the experiment for each subject. 
The signal disturbances were further divided into three categories, i.e. sole 
occurrence in electrically non-contact ECG, sole occurrence in conventional ECG, 
and simultaneous occurrence in both ECG. Figure 68 shows the percentages of those 
three categories of signal disturbances throughout the experiment for each subject. In 
general, the signal disturbances were mostly contributed solely by electrically 
non-contact ECG. It is reasonable since the electrodes of the conventional ECG 
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machine were directly contacted with the subject's limbs, which could provide a 
larger resistance to motion artifacts generated from the main body. In contrast, the 
electrically non-contact ECG measurement was based on the capacitive sensing. 
Small changes of capacitance in the skin-to-electrode coupling could also result a 
great distortion due to the large amplification of the signal conditioning circuit. 
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Figure 68 Percentages of the three categories of signal disturbances 
throughout the experiment for each subject. 
Besides, the durations of the signal disturbances were also investigated. Signal 
disturbances from all 30 subjects were grouped according to the elapsed time of 
occurrences. Figure 69 shows the results of the duration distribution of those signal 
disturbances in the three categories. More than 90% of the signal disturbances 
occurred within two seconds in the third category. It was expected that those 
disturbances were caused by the large limb movements of the subjects. Additionally, 
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most of the signal disturbances (more than 90%) occurred within four seconds in 
both ECG measurements. Those disturbances were normally considered to be 
contributed by the body turning. 
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Figure 69 Duration distribution of signal disturbances in the three categories. 
5.2 Experiment II 一 Experiment on the Feasibility of the 
Proposed System for Continuous Monitoring of ECG 
and HR on a Subject During an Eight-hour Sleep 
One of the advantages of the proposed design is that the electrically non-contact 
ECG measurement can implement with a high degree of freedom of the subject's 
posture and position. However, in practice, it is also the biggest challenge during 
sleep since the subject may randomly move out of the detection region or change in a 
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posture that causes a low SNR of detection. Therefore, an overnight experiment was 
carried out to verify the feasibility of the proposed system for the long-term 
continuous monitoring of HR during sleep. 
5.2.1 Materials 
In this experiment, ECG was recorded by the proposed system for eight hours. 
Conventional ECG (Lead II), respiration and state of posture were simultaneously 
captured by a standard ECG machine (AstroMed Grass Physiological recorder, 
Model 7400), an EMFi pressure sensor (L-2060, Emfit Ltd.) and an accelerometer 
(MMA7260Q, Freescale Semiconductor) respectively. The EMFi pressure sensor 
was placed under the mattress as mentioned in the product manual. Its output signal 
was transduced by a charge amplifier and filtered by a band-pass filter, which low 
and high cut-off frequencies were at 0.1 and 1 Hz respectively. The accelerometer 
was fixed on the subject's chest. Its output was directly proportional to the body 
turning angle and quantized into three states, i.e. right-turned, left-turned and supine 
position, by a calibration test at the beginning of the experiment. 
5.2.2 Methods 
The experiment was carried out at nighttime. One of the male subjects recruited in 
the Experiment I，aged 20, participated in this experiment one month later. The 
subject wore a cotton T-shirt and lay on the sleeping bed. After a ten-minute rest, a 
calibration test was performed. The subject was requested to turn his body in 
right-turned, supine and left-turned postures for about 20 seconds successively and 
all four channels of signals were recorded simultaneously. Results were used to 
adjust the gain of the pressure sensing circuit and also quantize the outputs of the 
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accelerometer into the three aforementioned states of postures. After another 
ten-minute rest, the four channels of signals started to record for eight hours covering 
the whole sleeping period of the subject. During the experiment, the subject slept as 
in a normal night without the restriction on postures. Data was then stored in a 
desktop computer for analysis. 
5.2.3 Results 
At the beginning of the experiment, a calibration test was conducted. Figure 70 
shows the signals captured during the one-minute calibration. In the figure, each row 
represented ten seconds of time and all four channels of signals were shown 
simultaneously. The circle spots represented the R-wave positions of the electrically 
non-contact ECG, while the square ones represented those of the conventional ECG. 
The two instances of body turning were clearly seen in the channel of the state of 
posture. During the body turning, the electrically non-contact ECG was greatly 
contaminated by the rapid variation of the capacitance of coupling, while the 
pressure sensor also suffered the same disturbances. After the turning was settled, the 
electrically non-contact ECG was restored within seconds. Therefore, it greatly 
supported that the ECG measurement by the proposed system can work under 
different postures of the subject. 
Same as the initial process in the previous experiment, all R-wave positions of the 
recorded ECG were detected and RR intervals were found consequently. HR was 
estimated by mRRI in each minute and then the one-minute-based tracking of HR for 
eight hours was generated in Figure 71. The trends of HR followed the reference 
without great difference. Accuracy of detection was indicated in term of 
root-mean-square errors with respect to the reference. The root-mean-square errors 
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of mRRI and HR were 18.34 ms and 1.2409 bpm respectively. These results are 
slightly greater than those obtained in Experiment I (8 土 6.97 ms and 0.66 土 0.5720 
bpm). The possible reason is that the eight-hour experiment covered the whole 
period of sleep, in which the subject would turn his body unconsciously and more 
frequently. Thus, a larger number of body turning was involved. The total number of 
body turning was 20 and the number of discontinuous states of postures was shown 
in Table 6. 
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Figure 70 Four channels of signals captured during the one-minute calibration. 
The four channels are the electrically non-contact ECG and the corresponding R peaks (first signal), 
the conventional ECG and the corresponding R peaks (second signal), the pressure signal (third 
signal), and the state of posture (last signal). 
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Figure 71 Tracking of HR during the eight-hour overnight sleeping experiment. 
Table 6 Number of body turnings made by the subject during the 
eight-hour overnight sleeping experiment (Experiment II). 
State of Posture Right-turned Supine Left-turned 
Count(s) — 1 11 9 
One-second-based checking of signal disturbances was conducted. The result 
showed that more than 98% of the electrically non-contact ECG throughout the 
experiment was available for R-wave detections. The duration distribution of the 
signal disturbances was shown in Figure 72. In the figure, the total number of signal 
disturbances was outnumbered the total number of body turning and a large number 
of short-time ( 1 - 2 seconds) disturbances occurred. By plotting all the four channels 
of signals in a full eight-hour scale (Figure 73), it can be noticed that there were 
many short-time regions of signal saturations in the channel of pressure sensing, 
which might be caused by some small motions made unconsciously by the subject 
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during deep sleep. These regions were highly correlated with both the frequently 
disturbed regions of the electrically non-contact ECG and the rapidly varying regions 
of the HR track (Figure 71). 
6 0 j HTI 1 1 1 1 1 1 1 I I • 
^ H Non-contact 
Contact 
• • B o t h 






- • • J J | j I j I | j 
1 2 3 4 5 6 7 8 9 > 9 
Duration of Disturbance (sec.) 
Figure 72 Duration distribution of the signal disturbances. 
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6.1 Selection of the Passband of the Proposed Circuit 
Although the frequency range of a conventional ECG measuring device is normally 
from 0.05 to 100 Hz, it was reduced at both ends in our current design to trade for a 
greater dynamic range and also a better signal quality. One of the reasons is that the 
capacitance of coupling can be easily changed by respiration or other motion 
artifacts, which usually dominated in the low-frequency spectrum below 8 Hz as 
shown in Figures 43 and 46. The power spectra of the conventional ECG (Lead II) 
captured by a standard machine and the electrically non-contact ECG captured by the 
proposed system with a wider passband (0.1 — 100 Hz) differed from each other at 
about 4 - 8 Hz in the low-frequency region. Since both signals came from the same 
passband, this power difference should be resulted from motion artifacts or other 
signal sources apart from the ECG of the subject. These low-frequency noises easily 
cause saturation due to its great magnitude, or alternatively limit the amplification of 
the ECG signals. 
Another reason is that the magnitude of the 50-Hz power line interference is 
comparable to the ECG signal sensed from the body surface due to the high 
impedance at the skin-electrode interface. Therefore, by considering that the main 
power of a QRS complex is normally ranged from 8 to 40 Hz, the low and the high 
cut-off frequencies of the passband of the proposed circuit were also set at 8 and 40 
Hz respectively. Moreover, 50-Hz notch filters and common-mode-rejection circuit 
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(similar to driven-right-leg circuit) were applied to the current design, and provided 
more than 60 dB attenuation at 50 Hz in total. As a result, a reasonable signal quality 
was guaranteed and sufficient for the continuous monitoring of HR by the 
electrically non-contact ECG measurement. 
6.2 Arrangement of Electrodes on the Bedsheet 
The arrangement of electrodes in the final version of bedsheet sensor design was 
based on the results obtained in Test I. The 32 sets of electrode combinations were 
tested on six subjects. By applying the PCA to the individually normalized SNR data, 
the first PC shows a nearly 50% difference between two groups in the scores plot, 
one included Subjects 1，5 and 6; another included Subjects 2, 3 and 4. Since the 
heights of the subjects did not show a significant difference between the two groups, 
by considering the loadings plot that most of the combinations including Electrode 4 
or 5 as one of the measuring electrodes normally show positive scores in the first 
group but reversely in another one, it could be immediately noticed that this main 
difference was caused by the fabrication materials of the pants the subjects worn 
during the test. Subjects in the first group wore 100%-cotton pants, while others 
wore polyester pants. To provide a truly awareness-free monitoring system, it was, 
thereby, suggested that the measuring electrodes should be arranged to the region 
under the upper half of the body, rather than limiting the fabrication materials of the 
pants the subject worn during sleep. 
Moreover, according to Figure 58，five sets of electrode combinations obtained the 
averaged SNRs above 0 dB for all six subjects. Undoubtedly, the measuring 
electrodes of those five combinations were all composed of two among Electrodes 1, 
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2 and 3. By considering the signal qualities obtained among subjects, Combination 
26, which measuring electrodes were composed of Electrodes 1 and 3，shows the 
best performance that the averaged SNRs from all six subjects were higher than 10 
dB and furthermore three of them attained higher than 20 dB. Therefore, in the 
second and final versions of the bedsheet sensor design, the locations of Electrodes 1 
and 3 were used as a pair of measuring electrodes. 
6.3 Practical Design of Electrodes 
For simplicity, the electrodes used in the first and second versions of bedsheet sensor 
design were made of conductive textiles with long and retangular shape (10 cm x 70 
cm). However, an unforeseeable result obtained in Test II showed that the 
individually normalized ratios of magnitudes of QRS complexes in all postures with 
the subjects' hands placed out of the measuring region were significantly (p < 0.05) 
larger than those with their hands placed on both sides of their bodies (Figure 61). A 
possible reason is that the same electric potential above the heart contributed to both 
measuring electrodes and thereby decreased the proportional of the potential below 
the heart in the second measuring electrode. To handle these problems, apart from 
shortening the width of the conductive textile electrodes to 50 cm, the design of 
leading tails was also applied. A leading tail was actually a protruding lead on one 
side of an electrode. Each leading tail with a width of 3 cm was sewn beneath the 
bedsheet and ended at the left edge of the bedsheet for the attachment of the 
pre-amplifier. A smaller coupling area and a larger separation to the body surface of 
the leading tails reduced the coupling effect at the position the hands would be 
normally placed, and thus increased the effectiveness of the ECG measurement. 
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6.4 Performance of Continuous Monitoring of HR by Using 
the Proposed System 
The performance of the continuous monitoring of HR by using the proposed system 
can be divided into two parts, the reliability and the feasibility. The reliability of the 
proposed design can be expressed as the possibility to provide correct measurements 
to numerous subjects, while the feasibility was defined as the ability to measure the 
electrically non-contact ECG and determine the HR of a subject for a long period of 
time. 
In Experiment I, the one-minute-based trackings of HR of all 30 subjects followed 
closely to the reference, even for the worst case shown in Figure 64. The 
root-mean-square errors of mRRI and HR were calculated to be 8 土 6.97 ms and 0.66 
土 0.5720 bpm respectively. The error of HR estimation was less than one beat per 
minute on average and thereby reasonable for providing an accurate tracking of HR. 
In addition, more than 95% of the captured signals without signal disturbance 
throughout the experiment were obtained for all subjects. Therefore, the proposed 
system is reliable for providing correct measurements to numerous subjects. 
In the two preliminary tests, the suitable arrangement and the improved design of 
electrodes were provided for continuous monitoring of HR by the electrically 
non-contact ECG measurement. In Test II’ high correct detection rates of R waves 
were, in general, obtained in all eight subjects in different postures and positions of 
their hands. Together with the results from the calibration section in Experiment II, 
that the correct measurement could be restored in one to two seconds after the 
settlement of body turning, the ability of measuring the electrically non-contact ECG 
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in different postures was guaranteed. Besides, in Experiment II, the 
root-mean-square errors of mRRI and HR were 18.34 ms and 1.2409 bpm 
respectively. Although the error in HR estimation was higher than the mean error 
obtained in Experiment I (0.66 ± 0.5720 bpm) by nearly one standard deviation due 
to the more unconscious and frequent body turning, the trend of the HR tracking 
over the long period of time could be still provided for valuable assessment of health 
status of the subject. Therefore, the proposed system is feasible for the long-term and 




In this study, a bedsheet system for continuous monitoring of HR by the electrically 
non-contact measurement of ECG was proposed. This system could provide a simple, 
efficient and economical measurement of physiological variables for long-term home 
healthcare purpose to reduce healthcare expenditure of the society and also to 
improve the quality of life of the people. In particular, it supplied a convenient, 
comfortable and intrinsically safe way to the people to develop a health-worthy habit 
of everyday monitoring, especially for the elderly and non-hospitalized patients 
suffering chronic diseases. 
The hardware of the system was divided into three parts, the bedsheet sensors, the 
pre-amplifier and the measuring device. The design of each part was based on 
literature reviews, computational simulations and experimental results. A suitable 
arrangement and a practical design of the conductive textile electrodes on the 
bedsheet were found in two preliminary tests, that proper measurements could be 
implemented in many subjects with different sleeping postures. In particular, a 
leading tail design of the electrode helped to reduce the influence of the decrease in 
magnitudes of QRS complexes when the subject's hands were placed on the sides of 
the body. On the other hand, a connector embedded a pre-amplifier was designed to 
connect the electrode to the measuring device via an USB cable, while provide a 
impedance matching terminal as close as possible to the electrode. Moreover, the 
passband of the measuring circuit was set to be 8 - 40 Hz with an additional 
attenuation at 50 Hz to gain a sufficient SNR for the continuous monitoring of HR 
Page vii 
over a long period of time. Furthermore, two experiments were carried out to show 
the performance of the proposed system in practical situations. The 
root-mean-square error of HR was 0.66 士 0.5720 bpm on 30 subjects for one hour in 
Experiment I’ and 1.2409 bpm on one subject for eight hours in Experiment II. The 
results showed that the proposed system can be used for the long-term tracking of 
HR but further studies are required to minimize the detection error and enhance the 
resistivity of the proposed system to motion artifacts. 
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